The major challenge to increase the decentralized generation share in distribution grids is the maintenance of the voltage within the limits. The inductive power injection is widely used as a remedial measure. The main aim of this paper is to study the effect of the reactive power injection (by whatever means) on radial grid structures and their impact on the voltage of the higher voltage-level grids. Various studies have shown that, in addition to the major local effect on the voltage at the injection point, the injection of the reactive power on a feeder has a global effect, which cannot be neglected. The reactive power flow and the voltage on the higher voltage level grid are significantly affected. In addition, a random effect is introduced by the DGs which are connected through inverters (using wind or PVs). Although their operation is in accordance with the grid code, a volatile reactive power flow circulates on the grid. Finally, this study proposes the implementation of the "Volt/var secondary control" interaction chain in order to increase the distributed generation share at every distribution voltage level, be it medium or low voltage, and at the same time to guarantee a stable operation of the power grid. Features of Volt/var secondary control loops ensure a resilient behavior of the whole chain.
Introduction
The technology progress has given rise to a rapid growth in the utilization of distributed generations, DG. How-ever, this trend was unable to prevail for a long time because it failed to comply with the electric power quality parameters. Cases of voltage violation have been identified in the distribution network [1] - [5] , while a decrease of the static and dynamic security has been discovered in the transmission grid [6] . The coordinated operation of the transmission and distribution systems has now become more and more difficult [7] [8] .
Nowadays, it has become quite clear that the reactive power support on the distribution grid is necessary when utilizing DGs [9] [10] . Normally, this is injected by using an uncoordinated local controlled reactive device, which creates an uncontrolled reactive power flow on both transmission: i.e. very high and high voltage grid (VHVG, HVG), and distribution grid: i.e. medium voltage grid (MVG), and low voltage grid (LVG). Originally, the uncontrolled reactive power flow on the distribution grid increases slowly and imperceptibly. Therefore, it is not ascertained any visible impact on the transmission grid [11] [12] . Later, when the DG share increases, the reactive power flow creeps dangerously into the transmission grid, thus creating an uncontrolled reactive power flow on HVG [13] . Their operation was experiencing big uncertainties [6] [9] . The study of mitigation of the voltage rise via the reactive power absorption from distributed photo voltaic (PV), inverters underlined the high significance of the substantial amount of extra reactive power that is absorbed by the feeder at the substation. Reference [14] underlines the necessity of its compensation without performing any deep and broad analysis of the created situation. While Reference [15] highlights only the local effect of the reactive power on LVG feeders. Currently, this area is not investigated deeply enough and different rules have been outlined in order to handle it properly [16] . However, due to the high complexity of the phenomena, only very general re-commendations can be made [7] .
Traditional Volt/var control technologies have been used by utilities to coordinate the transformer step settings and the reactive power devices. These technologies are developed and introduced for different voltage levels, i.e. high voltage level [17] - [20] and medium voltage level [21] - [28] . With the increasing of DGs share, Volt/var control technologies have proved to be necessary also in LVG [29] [30] . Nevertheless, these technologies have been developed so far independent of each other. In those conditions, a smooth, resilient Volt/var control over the all-voltage levels grids is difficult. This paper is organized in two parts. The first part looks into the reactive power injection, by whatever means, on the radial grid structures and their impact on the voltage of the higher voltage-level grids. The paper also studies the role of the on-load tap change, OLTC, of the intermediate transformer. It later analyzes the reasons of the uncontrolled reactive power flow on the higher voltage-level grids resulting from the DGs. The study finds the need to control the reactive power flow, which circulates across the power grid, of great interest and its second part describes the Volt/var secondary control, which is newly introduced on a large scale throughout the different regions or portion of the grids and is used as a sustainable, resilient and base interaction instrument. The chain of Volt/var secondary control loops is set over all-voltage levels (high, medium and low) and even over the costumer plants (CP). This kind of chain introduces, for the first time in power systems, a new cross functional application in real time, which provides significant benefits over the traditional implementations. The resilient chain of Volt/var secondary control loops is built on the LINK-based architecture [31] . The study also deals with new features of the Volt/var secondary control.
Effects of the Reactive Power Injection into Radial Grid Structures
To understand the shortcomings of current practices and to identify possible improvements to the grid, this study presents a series of performed simulations. They are restricted on European power system types.
Structure of European Power Systems
Simulations have been performed on a medium voltage test grid of European Style [32] . Those grids are balanced and symmetrical, therefore their behavior was studied by calculating only one phase. They have mostly three phase, three conductor structure and have a mixture of overhead lines and underground cables. Transformers between medium and low voltage level have fix tap position, while transformers between high and medium voltage level have normally on load tap changer, OLTC.
In European power systems transmission system operator (TSO) is responsible for the operation of transmission grid; i.e. VHVG and HVG (… 400 kV, 220 kV), while, distribution systems operator (DSO) is responsible for the operation of the sub-transmission and distribution grid; i.e. HVG (110 kV), MVG (66 kV, 30 kV, 10 kV, 6 kV) and LVG (0.4 kV).
Definitions
Through the whole paper are used the terms local and global effect, which are defined as follows:
"Local effect" means that the biggest effect upon voltage can be observed directly at the point of reactive power injection, which disappears then over the same feeder. Conversely, "global effect" means that the effect of reactive power injection upon voltage occurs in more remote parts of the grid i.e. on other feeders and even on higher voltage level grid parts.
Volt/var Interdependencies between Different Voltage Levels
In order to study the impact of reactive power injection on radial grid structures and on the voltage of the higher voltage-level grids a 33/11 kV test grid connected through a 20 MVA transformer is used. Figure 1 shows its one-line diagram and the corresponding voltage profiles. Figure 1(a) shows the test grid connected through a transformer which has fix tap position. To simplify the calculations, one 33 kV line with a distributed load and supplying feeder has been modelled (see Appendix A). On the 10kV bus bar are connected two feeders: feeder 1 and feeder 2. An 8 MW lumped generator is connected to Feeder 1 and it represents all distributed generators connected on this feeder. Loads are modelled by means of polynomial equations of the second degree (see Appendix A). Figures 1(b)-(d) show the voltage profiles at one point on the daily load curve, say at peak load, for the supplying feeder and both feeders 1 and 2. Two cases, A and B, are simulated. In case A, the generator injected only active power; reactive power was set zero, Q = 0 Mvar. In case B it was injected active power and simultaneously was consumed reactive power, Qinductive = 3.0 Mvar. Results show that in case B, the voltage profile for feeder 1 at the connection point of the generator was pushed down from 12.228 kV to 10.755 kV, Figure 1(c) . That means the voltage was decreased by 1.473 kV; 13.39%. This corresponds to the major, local effect of the reactive power to the voltage. In the same figure can be seen also a global effect. The voltage on the 11 kV bus bar is displaced from 11.540 kV to 10.88 kV, that means it is decreased by 0.66 kV; 6% (Appendix B). This effect can be observed in Figure 1 
where QDE LVs U ∆ -Voltage change at the low voltage, LV, bus bar of the transformer caused by the displacement effect of the reactive power injection.
-Voltage change at the connection point of k th DG caused by the push down effect of the reactive power injection. Figure 3 shows the simplified test feeders for the Volt-var interdependency and the corresponding voltage profiles when transformer has OLTC. Its voltage set point was set to 11.5 kV. The same scenario as described above was simulated. In case A, only active power P = 8 MW; Q = 0, was injected. In case B, reactive power was injected Q = 3 Mvar additional to the active power. OLTC acted and the tap position was changed from 10 to the limit position, 0, by defeating the "displacement/global effect" on the lower voltage side of the transformer Mvar. This is a slight increase of the reactive power flow, about 2%, compared to the fix tap position case. The global effect on transformer high side marks a value of 1.328 kV; 4.18%. This is a slight increase, about 0.41%, compared with the fix tap position case. Higher voltage along the 33 kV feeder means higher capacitive power injection on the feeder which is even more evident on cable structures. But normally this effect is attenuated by the increase of the reactive power consumption of the loads, which have a particular load-voltage characteristic. Summarizing, the global effect of the reactive power injection in radial structures at higher voltage levels is always present, and is independent of the fact whether the in-between transformers have OLTC or not.
Transformers between high and medium voltage grids have usually OLTCs. The uncoordinated, local control of the reactive power, especially by high DG share, creates an uncontrolled reactive power flow in high voltage grid which influences the voltages on the grid in an unpredictable way. The boosted global effect exists only at high voltage grid. Additionally, depending on the static parameters of the MV grids (susceptance) and the loadvoltage behavior transformer steps can be moved to their limits. The displacement/global effect in medium voltage feeder head bus bars is annihilated by the OLTC action, while the local effect on the injection point is reduced.
Transformers between medium and low voltage are usually operated with fix tap position. The uncoordinated, local control of the reactive power especially by high DG share, creates an uncontrolled reactive power flow in medium voltage grid which influences the voltages on the grid in an unpredictable way. The global effect exists both in medium and low voltage grid. The reactive power injection in low voltage has the biggest possible local effect.
Uncontrolled Reactive Power Flow
Besides the local effect, the injection of reactive power in radial structures has also a considerable global on the voltage-landscape of the higher voltage level grid, the Displacement Effect. This effect is attributed to the injected reactive power, which flows uncontrolled through the transformer into higher voltage level grid. Figure 4 shows an overview of HVG and MVG connected through the HV/MV transformer. In MVG are presented schematically all electrical devices, which may be used to inject reactive power like capacitors and different types of DGs; i.e. CHP, Run of river, Wind and PV.
MVG s Q ∆ presents the additional reactive power, which flows through the transformer into HVG. The management of the Displacement Effect on the higher voltage level is obvious in case of capacitors, which usually are installed on overhead line feeders. Their number is normally restricted to maximal four or five capacitors per feeder. Capacitor banks can be switched on or off manually, or through a local controller. TSOs and DOSs are aware of their effect, and the grid operation is adjusted accordingly. TSOs investigate the "Displacement Effect" by means of off-line power flow. Figure 5(a) shows a capacitor, which is operated by a local control device and its effect on the discrete injection of reactive power into the grid.
In presence of high DG share, MVG s Q ∆ is injected into the grid by DGs, which have a local reactive power control device. The reactive power, which DGs can inject into their connection points, is defined by the rules laid down in Grid Code; Distribution Connection Condition. DGs operation with a fix cosφ, creates an uncontrolled reactive power flow on HVG [6] . Additionally, the amount of injected reactive power depends on the PQ diagrams of the generating unit or inverter. , of about 20%. TSOs are not aware of this reactive power flow, which flow uncontrolled into the HVG. Consequently, they cannot define any countermeasures in advance. [4] proposes to extent power factor limits 0.95 inductive/capacitive to 0.9 inductive/capacitive. This step will produce a larger uncontrolled, additional reactive power amount in the HVG [6] In conclusion, the DG integration causes an uncontrolled reactive power flow on HVG, even when the Distribution Connection Condition rules [16] in MVG are respected.
The Rise of Volt/var Control Chain
Every change in power systems, be in grid configuration or in power injection or consumption has an impact on its behavior. The impact scale depends on the structure of the network, on the position of the change point or area, and on its own amount and extension. Therefore, a small DG share doesn't have an obvious impact on the power system behavior. Contrarily, a large DG share effects significantly their behavior. Voltage limits on radial structures are violated, uncontrolled reactive power flows in the higher voltage grids. All these make the reliable and stable operation of power systems more and more difficult. Coordinated measures across all grid parts are necessary to cope with the new situation of large DG scale. Therefore, Volt/var secondary control is newly introduced on a large scale throughout the different regions or parts of the grid. Volt/var secondary control is used as a sustainable, resilient, base interaction instrument between different parts of the grid. 
Power System Holistic Model

Volt/var Interaction Chain
According to the LINK-based architecture [31] Volt/var secondary control loops, VVSC, are outlined on each grid part (be HVG, MVG, LVG and CPG), thus creating a Volt/var interaction chain. Figure 7 shows a schematic presentation of the resilient Volt/var control chain on atypical European power system. As mentioned above, transmission grids are under the administration and operation of TSOs, while the sub-transmission and the distribution ones are under the administration and operation of DSOs. Each of them have the own operation Sub-Trans -Link is set over the sub-transmission grid (HVG); 2) MV-Link is set over the MVG; 3) LV-Link is set over LVG. While over the households is set a CP-Link. In view of the network management can be defined two types of interfaces: external and internal. The external interfaces are set between different Links, which have different owners i.e. between TSO and DSO. They are subject to the data security and privacy because the data exchanges between two different companies. Internal interfaces are set between different Links, which have the same owner. In this case the DSO. They are subject only to the data security. That means interfaces between HV Trans -Link and HV Sub-Trans -Link are external, while interfaces between the HV-, MV-and LV-Link are internal. The interface between the LV-Link and the CP-Link is an external one, because the information is exchanged between the DSO, and the house lord, or specifically the house management units, HMU. . Each VVSC application calculates the relevant set points by optimizing its own decisions that are subject to:
• Its own constraints, • Dynamic constraints that are imposed from neighbor Links.
Dynamic constraints are used to control the reactive power flow in a VVSC chain [13] . They are called dynamic constraints, because they change or should be recalculated in real time depending on the current situation. For ex.: if the reactive power Q HV→MV delivered from the sub-transmission grid, HV Sub-Trans -Link, into the distribution grid, MV-Link, should be reduced by 40%, a new desired value will be sent to the VVSC MV to recalculate the set points by respecting the new Q HV→MV constraint. Otherwise, if the actual Q HV→MV is not optimal for the MV-Link operation a request will be sent to the HV-Link to change it and so on. The same schema is foreseen to work over the entire VVSC chain. It is precisely this permanent exchange of desired reactive power Q between different VVSC loops, which creates a resilient interaction between them. Figure 7(c) gives a schematic presentation of the resilient interaction within the VVSC chain by means of the reactive power exchange.
Generalized Volt/var Secondary Control
VVSC is set for all different types of Grid-Links and its algorithm is generalized. Table 1 shows the control variables and constraints of concatenated VVSC. Control variables are the reactive power of generators, inverters and synchronous condenser; the switch position of capacitors and coils and the transformer tap step. The usual constraints are device constraints like PQ diagrams of generators, DGs and inverters, maximal step number of transformers, installed rating of capacitors and coils. Additionally, dynamic grid controls are introduced to enable a resilient interaction of the different VVSC loops on the chain. Reactive power exchanges between neighbor Links makes up the dynamic grid controls. They have a double nature, because they can be converted from grid control variable to grid constraint in dependence of the action, which have to be performed. For ex. VVSC MV calculations shows that the actual Q HV→MV (actual) is not optimal for the MV-Link operation. A new set point Q HV→MV (new) is calculated. In this case the reactive power Q HV→MV is used by VVSC MV as control variable. MV-Link sends a request to HV Sub-Trans -Link to change it. VVSC HV-S checks the new request by treating the Q HV→MV as constraint and vice versa. Thus grid controls are set in dynamic lists. Figure 8 shows the algorithm of the generalized, concatenated VVSCs. One of the three triggers periodic, spontaneous or manual-request initiates the calculation of the grid status, which in the best case is a state estimator [33] . Operation limits are verified. If there are no limit violations, then the optimal operation conditions are checked, ex. loss minimization. If the grid is operating optimally, then no action is necessary. If limit violations or not optimal operation is identified than VVSC starts calculations after having updated the dynamic lists of grid controls. 
Conclusions
Reactive power injection on radial configurations has a local and a global effect. The impact extent of both effects on voltage depends on the fact whether the in-between transformers have OLTC or not.
The global effect of the reactive power injection in radial structures at higher voltage levels is always present, and is independent of the fact whether the in-between transformers have OLTC or not. The global effect of the reactive power injection in radial structures at the bus bar where are connected all feeders (low voltage bus bar of transformer) disappears when the in-between transformers have OLTC. In this case, the global effect can be identified only as long as the impact of global effect on voltage is smaller than the tap step size. If the global effect on voltage is larger than the tap step size, the OLTC will jump into the next tap position and the global effect will disappear.
The global effect of the reactive power injection in radial structures at the bus bar where are connected all feeders (low voltage bus bar of transformer) is present when the in-between transformers do not have OLTC.
The local effect of the reactive power injection on the injection point is always present and is larger when the in-between transformers have OLTC.
To increase the DG share on every distribution voltage level (be medium or low voltage) and to guarantee a stable operation of the power grid, the implementation of the Volt/var secondary control chain at all voltage levels (high-, medium-, low voltage level, and costumer plants) is proposed. The targets of the traditional Volt/var algorithm are extended to ensure a resilient Volt/var interaction chain.
A. European Type 34.5 kV/11 kV 41_Bus Test Case
Loads connected on buses 13, 14 and 16 are modelled as constant power in Figure 10 , while the other ones are modelled by means of polynomial equations of the second degree as follow Figure 10 . One-line diagram of the 33 kV/10 kV 39_Bus test case, European type.
where K 0 = 0.1, K 1 = 0.3 and K 2 = 0.6. 
B. Input Data
